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SOME I NVESTI GAT I ONS OF THE GENERAL INST ABIL I TY 
OF ST I FFENED METAL CYLINDER S 
v _ ST I FFENED METAL CYLI NDERS SUBJECTED 
TO PURE BEND I NG 
Gu gge nhe i m Ae ronau t ical La bor a t o r y 
Cal i fo rni a I n s titu te o f T e c hno l Ggy 
Th i s is the fi f th of a series of reports 
covering an investigation of the general 
i nstabil i ty p r o b lem by the Cal i fornia 
I nstitute of Te c hno l ogy . The fi r st f i ve 
r eports of th i s ser i es c over i nvestiga-
t io ns of the gene r a l i nstab i l i ty problem 
un d er the loadi ng c ond i tions of pure bend-
i ng and we r e p r epar ed u n der the sponso r-
sh i p of the Civil Aeronauti c s Administra-
t i on . The su cc eed i ng r ep orts of this se -
r ies cove r the ~o r k done on other loading 
c onditions un d e r the sponso r ship of the 
rational Adviso r y Com mi ttee fo r Ae r onaut i cs. 
SU"1!v!ARY 
Th i s r eno r t summari zes the wo r k that has b ee n c a r -
r i e d on i n the exper i menta l i nv es t i gation of the problem 
of gene r a l instabil i ty of st i ffened metal c ylinde r s sub-
je ct e d to pure bending at the C .I4T . This pa r t of the 
i n v est i gation i ncluded tests of 46 sh ee t - cove r ed speci -
men s . The most s i gn i fi cant r esult was the determ i nation 
of a new d es i gn pa r ame t e r f or the case e f a stiffened 
me tal c y li nde r subje c te d to pur e bendin g . 
I TRODU CTI ON 
It is intended to g ive i n th i s r epo r t a summa r y o f 
t he r esult s o f the expe r imen t a l invest i gat i on of the 
ge n e r a l i nstab il ity of st i ffen ed metal c y li nde r s sub -
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j o ct e d to pur e b e nding. Th e ea r l i er work at C.I.T. on t he 
problem of gene ral instability of stiffe n e d me t a l cylin-
d e r s has be en reported in ref e r en c es I, 2, 3, and 4 . A 
total of 46 she e t - cov e r e d sp e ci mens has b een t este d. 
The investi ga tion was p lanned so as to include most 
of t h e essen t ial variables involved in the problem a nd 
wa s sufficient in scope t o determine a su itable desi gn 
pa rameter . Although this parace~er was obtained for spe c-
imen s subjected t o pu r e bending, it i s fe lt that it may 
b e possible through suitable modifications t o use the 
same pa r a me ter for comb i ned loadings. The experimental 
data are a l so suffici~nt to allow a thorough check on 
theoretical methods for predicting gene r al instability . 
A comparison of t he predicted and experimental results is, 
the refore , included in this r eport . 
In addition to the above r esults, an account is also 
g iven of the experimental studies which have been made to 
g ive a better under s tanding of the mechanism involved in 
the buckl ing pheno me na of stiffened cylind e rs. The body 
of this report , therefore , consists of four parts; nam e ly, 
(a) Experimental investigations on th e failure of 
metal c ylinders 
(0) A comparison b e twe en theoretical predicted gen-
e ral instabi l ity stresses and th e experi-
me nt a 'l results 
(c) A discussion of the mechanism involved in the 
buckl i ng phenomen~ of stiffened cylinders 
(d) A new design parameter 
EXPERIl4ENTAL I JVE S T I G-AT IO.e 
In startin g th is research program , i t was fe lt that 
a compl e te s tu dy of ~he ~ure bendin g phenomena wou ld form ' 
a desirable background for t he more complicated problem 
of bend i ng p lus shear and for the more genera l combined 
lo adin g conditions. With t h is id ea in mind, the research 
to da te h as b e en confine d to a s ystemat ic investigation 
of cylinders subjected to pure b ending. 
To obtain a b ette r understanding of the amount of 
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experimental research " work hich can now be considered as 
compl e ted, it might be well to briefly review the varia-
bles invol ved in the p robl em of general instability. The 
variables involved may be divided intb two classes - those 
dealing with the " geomet~y of the structure and those ih-
yolving the ~ectional p rop e r t i es of the stiffening ele~ 
ments as well as the sheet covering. 
The geometri9al variables inv olve: 
( a ) a variation of longitudinal spacing 
(b) a variation of frame spa ci ng 
( c) a variation in d i ameter 
(d) a variation in length 
The second group of variables inv 1 ve s ! 
(a) a change in the section px:operties of the lon-
gitudinals 
(b) a change in th e section properties of the frames 
( c) a change in the thickness of th e sh e et covering 
T h e first g roup of variabl e s has be e n t h orou ghly in-
vesti gat e d inasmuch as a larg e numb e r of sp e cimens having 
2 . 5 3 -, 5 . 0 6-, and 10 . 12- inch long~tudinal gpacings, and 
1-, 2- , 4 -, 8- , and 16- inch frame spacings have been 
t e sted . Altho~gh " th e second group of variabl e s is not y e t 
compl e ted , a sufficient numb e r of the variables hav e be e n 
inv e sti g at e d to form a basis for the analysis of g eneiai . 
instability. Th~ e e d iffer e nt fra me siz e s hav e b ee n in-
vestigated; that is, fra mes F l , F 5 • and Fe (fig~ l), and 
a lso t wo di f f e r en t sh ee t thi~kne~ses, 0:010- and 0.016~ 
inch h a ve b ee n us e d . Six sp e ci~ e ns " havi n~ a 2 0-inch dia m-
ete r h ave b een tested; all o t h ~ r s p eci mens are 32 inches 
i n diam e t e r. Of t h e for mer", t " o had a n LID ratio of 2 . 6, 
wh ile in a ll other cases the LID ratio was 2 . 0 . The lon-
g i t udinals ha ve not be e n varied. Eo ever, by varying the 
sh e et t h ickne s s , a certain variation in t he section prop-
erties of t he lo ng i·t udinals is obtain e. d, since a certa"in 
e f f e ctive width of sh eet wh ich v a ries with "t h e sheet thick-
ness i s assumed to act . ith 8ach longitudinal. 
Th e se variaDles which have Deen inyestigated have Deen 
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f ound s u ff ici e n t to establ i sh a su i tab l e des i g n pa r amete r 
fo r s tructure s s u bjected to p ur e b~nd i ng . . He nc e , if we 
con f in e ou r s elve s to the pure -~ending p h ase of the inv e s-
ti gat ion, it is fe lt tha t fut ur e work will on l y invo lve a 
numb e r o f che c k s pe ci mens i n ,h ic h the lon g i tudina l se c-
t i o n p r ope r t i e s a r e va ri ed . Al so , an a ddition a l n umb e ? 
of s p ec i mens shou l d be tested to fu r the r i nves ti ga t e the 
in f l ue nc e of loc a l i nstab ilit y of t he f r ames. A few a d-
d iti ona l spe ci me n s will b e tes t ed to f ur t h e r c he c k the 
l ength effe ct. 
A comp le te list c on t a i n i ng a l l the ne c essa r y d a t a of 
the sheet -cov e r e d s p e ci mens wh iC h have been teste d t o da t e 
i s g i ven in tabl e I. It shoul d be not ed tha t the max i mum 
un i t c omp r ess iv e d e f o r mat i on cr/E ' at fai l ure i s tabu l a t-
ed r a t he r t h a n th e c ompr ess iv e stress , whe r e cr is the 
c ompres si ve s t r e ss an d E ' is the effe c t i ve modul u s - the 
r eas on b e i ng t h a t in many c ases the c omp r essive st r e s s at 
bu c kl i ng ex c eed s the y i e l d. p o i nt of t he mate ri a l, an d the 
d i ff ic u l ty invo l ved in de t e r mi n i ng the basic stress i n 
such c ase s makes i t d e si r able to use the un i t stra i n 
rathe r t han st r ess. The nond i mensional quant i ty cr/ E ' i s 
a l so more de s ir a b le f r om the standpo i nt o f dete r mi n i ng a 
n on d i mens io na l de s i gn pa r am e t er. 
The me tho d o f mea s ur i ng the unit s t r a i n at fa ilure 
a s d i scusse d in refe r en c e 4 and nee d s no fu rt he r d is-
cu s s i on . It mi ght b e of i nte r est , howe v e r, to po i nt out 
that the a cc u r a c y of the meth od i s somewhat de p e nd e n t on 
th e type of f a ilure. Un t~ l local b end in g o cc u r s the 
metho d i s quit e a ccur ate ; bu t i f bow i ng b etween f r ames 
takes p l a c e , t h en t he t est da t a must be corr e c te d f or be nd-
i ng and , co n s equent l y , are sub j e ct to t he i na ccu racies of 
, s uch c a lcu l a tions. Gene r a l in stab ilit y f a ilur e usuall y 
o cc u r s b y a s udd en c oll apse o f the structur e , wh ere a s in 
pan e l i nstabilit y the f a ilure i n most c a s e s is g r a dua l; 
that i s , the appli e d bendi ng mo ment will i n cr ease af t e r 
bu c k li ng of t he lon g i tud i na ls between f r ames occu rs. Al so , 
as d is cuss ed in r e f eren c e 4 , the sheet wi l l rei nforce the 
lon g i tud i nals a ft e r the ampl itude of the longitud i na l s 
be c omes suff ici ent l y l a r ge - thereby c a usi ng a h i ghe r an d 
l ess c learl y de fi ne d u l t i mate l oad. I t i s there f ore mu c h 
mor e dif fic u lt to d e t e r mi ne the u l t i mate lo a d as we ll a s 
the long i tudinal defo r mat i o n o f spe c imens wh ich fa il by 
pane l ins t ab ilit y . 
Figu r es 2 t o 26 indi ca t e t he unit lo ngit udi na l d e for-
mat i on as a f u n c t ion of the appli e d bend i ng moment f or 
.J 
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the sheet -c overed spec i me~s . All specimens failed either 
by pane l or general in stab ilit y with the exception of 
speci men 62, whi c h fa iled in tension . Failure of this 
specimen was precipitated by a bearing failure of the sheet 
at th~ jOint, thus causing the ent ire tension load to be 
c arr i ed by the lon g i tu dinals . 
It Was pointed out i n ref e r en c e 4 that no correlation 
could be obtained between the shee t-covered specimens and 
the ~ ir e - braced spec i mens previously tested. Hence , data 
p e r ta inin g to the wire - b ra c ed specimens have no~ been in-
cluded in this report. 
A number of photographs (figs. 43 to 4~ showing the; 
various types of failur e are includ ed . 
THEORETICALLY PREDICTED G~NERAL INSTABILITY STRESS 
A detail ed discussion of the ana l yt ic a l methods wh ich 
are available for c a lculat ing the general instability 
stress of stiffened cylinders is g iv en in referenc e 1. As 
pointed out , the available experimental data were too mea-
ger to indicate whethe r any of the methods could be satis-
factorily used for the prediction of general instability. 
Sufficient experimenta l data a re now available to deter-
mine the me rits of each of the methods by comparing the 
predi ct ed general instability stress with the experimenta l 
v a lues. Each method will be discussed separately. 
tion 
where 
Hoff l s Method 
~he gene r a l instability stress is g iven by the equa-
~ = n 2 Ex Ix 
Ax (Ad)2 
( I ) 
Young 1s modulus of elast icity, pounds per square inch 
moment of inerti a of a longitudinal plus an effective 
width of sheet (See section on A New Design P a ram-
eter , for effe ctive width calculations.) 
l 
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4x cr ais - sectiona l a r ea of a lo ng i tud inal · 
d fr ame s pa c i ng 
The nondimensional ~uantity A is a function of the 
st r u c tu r a l co eff icien t A a nd the numbe r of fr ames m 
inifolved in the f a ilure . Th e r e l a tion between A an d A 
for const a nt v a lu e s of ill is sho , n in refer e nce 2 . It is 
seen tha t , for a const ant va lu e of A, the v a lue of A 
i ncreases a s the number of f r ames inv olv e d per wave l ength 
inc re a s e s • ·T h i s inc re a s e i n A "p rod u c e s , a c cor din g t 0 
equa t io n (1) , a decre as e in the g~ ner a l in stabilit y stress. 
I n app l y ing Hoffl s me thod to a pra c t ic a l desi g n pro bl em , 
it f ould be n e cess a ry to cons i d e r the largest numb e r o f 
fr am es w~ich coul d pos sibl y fail, he nce g i ve the 10 est 
p ossibl e st r es s . However , in making the co mpar ison b e -
t ~een th e unit deformat i on rrjE I, a s c a lculate d by e~ua­
t i on (1) , an d t h e te s t . valu e , t he a ctua l nu mb e r of f r ame s 
h ich fa il e d wa s u s ed. A compa rison of the expe ri mental 
an d c a lcul a ted v a lues fo r a l a r ge n umb e r of spec i men s is 
shown i n t a ble II. Th e c a lculated v a lues r ange from 11 to 
8 3 pe rc e nt o f th e exper i ment a l v a lu e s. I f the tota l num-
be r of fr ame s in th e t e st sp eci me n we r e to b e used in the 
calcul at ions, t he c a lculate d v a lu e s would b e l ower . It may 
the r e fore b e concluded that , al t hough i n a ll cases Hoff ls 
me tho d ~ o es p redict gene r a l in st a b ilit y, th e metho d is too 
c onse rvat ive for design pu r po se s . 
Dschou l s Hethod 
Ds c h ou obt a i ne d fo r the mi n i mu m gene r a l in stab ility 
st res s an e~uat io n of the fo rm 
2E 
/ I x 
I y 
(J = --Rt Ix I y ty x 
+ 
tx t tx 
wh ich c a n be wr it ten as 
.2 .2 t y 
(J 2 
Px Py tx 
= 
E R t:;'( P
x
.2 + py 2 t 
(3 ) 
J 
•• 
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whe re 
Px r ad i us of gyration of a lo ngitud i na l togethe r wi th 
the corres po nd i ng port i on of the sh ee t co v er i ng 
Py same quant i ty for the c ir cumfe r ent i al f r ame s 
t x = t + 
A ~ 
equ i valent she ll th ic kness i n the ax i al 
b diro c t i on 
ty = t + 
Ay 
equ i v a lent she ll th ic kness in the circum -
d fe r ent i a l d ir e c t i on 
t sh ee t thi c kness 
Ax Rr es of a l on g i tUdina l 
A· f r ame s rea y 
7 
The s nme equat i~ n is r eprodu c ed i n Ti moshenk o's th e or~ of 
e l ast ic st~bility (refe;ence 6) , 
I t is not definitely s t a ted by either Dschou or T i mo-
shonko lvhethe r , in ·c a lcllating Ix, I y or , similarly , 
the tot a l wi d h of sheet bot~e e n lon g itudina ls 
and frames should be used or an effe c t iv e width of sheet . 
Cql cul at ions have been made , us i ng first the total wid th 
of sh e et betwe en long i tudinals nn d frames an d then us i ng 
an equal effect i ve . id th o f sheet with the longitudinals 
a nd f r ames . Th e effective , idth calcul a tions a r e dis-
cussed l ate r in this report . The results of these calcu-
l at ions a r e shown in f i gures 27 ~nd 28 . The c a lculated 
v a lues in all cases Rr e conside r a bly h i ghe r than the ex-
per i mental vnlues . It is a ls o evident that the expression 
is not su it e-ble n. s a pa r .me te r, s ince the scatt er of the 
experiment a l points is mu ch l arger than c an be contrib -
uted· to e~perimental ina ccur a c i e s . 
I 
l 
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Ryder's Method 
The app lica tion of th is method re qu ires th~ c a lcul a -
tion of three parameters , Ka , K3 • an d K4 , depending o n 
the geomet ry of th e st ruc t ure and on the s e c t i on proper -
t ie s . Cu rves of Ka and K3 a re not avai l ab l s for val-
ues o f K 4 < 0 . 20 ; hence· , in all cases ~he r e K4 wa s 
l e ss than 0 .1 9 , it was felt that the curves in ~hich 
K4 = 0 . 20 .would no lon ge r be valid, and these spe ci mens 
ere therefore not c ons id e red . The r esult s of t he c a lcu-
l a tions a re sh own in table III , wh e re ~B - CR a r e the 
c a lcu l a ted g ener a l ins tab ility stresses . The ratios of 
the calcu l ate d to the experimental values are a lso sh own . 
The expe ri mental str es s in th is case is not a true stress 
but an equiva lent s tress ,h ich i s obtained from t he meas -
u r ed unit deforma tio n at fai lur e under the assumpt i on 
t hat the mo dulu s o f elast ici ty rema ins const a nt beyond 
th e p rop ortiona l l i mit of the materi a l . The r esults indi-
c ate , wit h t he ex c ept ion of th r ee specim e ns, that the c a l-
cul a te d va l ues a r e all cons id er a bly hi gher than the ex-
pe ri me nt a l valu e s . I t shou l d b e po int ed out , however , 
tha t i n p r a c t ica ll y al l c a ses t h e v a lue of K2 is l ess 
than 0 . 2 , wh ich makes it ext r emely d i ff icult to obtain 
the va lue of t elps fro m the cu rv e s sin c e in this r a n ge 
the valu e o f t e lps i s very sensitive to a small c hange 
in K2 , 
Taylor ' s Method 
Th e ge ner a l i nstab i l it y stress was c a lcul ate d f6r a 
numbe r of s p e ci mens a n d is s h own in t~ ble IV. The c a lcu-
l a ted s t r esse s a re ~f th e orde r of five to twelve time s 
h i gh e r tha n the experime nta l v a l ues . The g iven c a lcul a ted 
valu e s a r e f ro m Ta ylor ' s approxima te equation . It was 
found tha t the exa c t equa tion gav e v a l ue s on l y s li gh tly 
diffe r ent (an prox, 2 p e rc ent) fro m t ha t o f th e app roxi-
ma t e equat ion , and the simplicit y of the latter makes it 
p r ef e r a b l e for c a lcu l ations . 
A STU DY OF BU CKL I NG PHENOME NA OF STIFFENED CYLINDERS 
In the c our s e of the experimental invest i gat ion, it 
was obs~ r ve d that i n a ll c ases of gene r a l i nstability the 
last spe ci mens showed a def i n it e prefe r en c e for failing 
.~ ' 
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radiall y in ward . Also in measurin g the "normal restraint 
coeffici en t," it was obs e rv ed that th~radial deflection 
was a nonlinear fUnction "f the a~p li ~d : load. (See fig. 
32.) Furthermore, if the load i s app lied radially out-
ward. the slope of the load- d eflection curve increases, 
while for a load applied radially inward the slope de-
creas es. This simply mean s that the structure has greater 
r i g idity in the outward direction than in the inward di-
r e ction. 
Considering the stiffen e d cylinder as a who le, it is 
i mmediately evident that it is anisotropic and the influ-
ence of on e memb e r upon the other is extreme l y difficult 
to det e r min e . The mo st e le mentary concept of the problem 
would be that of a column supported by continuous and con-
c ent rat e d ela stic supports - a longitudinal stiffener be-
in g th e column, the sheet cov er in g providing the continu-
ous e lastic support, and the frames th e concentrated e las-
tic support. 
Th e probl e m of a column e lasticall y supp ort e d has be e n 
discussed by H. Zimme rman for the cas e of concentrated sup-
ports, and by F. Eng e sser and others for the cas e of a dis -
tribut ed support. In a ll c ases the inv estigations have 
b een confined to e lastic supports exh ibiting a linear 
force - deflection rela t ion . 
Since the frames and the she e t have the characteris-
t ics of a nonlinear elast ic s upp ort, it was felt that it 
wou l d be of gene ral interest to investigate the effect on 
th e l oad - deflection rel at ion of a column supported by a 
nonline a r e l a stic eleme nt. Inas mu ch as rings or frames 
a r e known to have the desir ed nonlinear properties. a thin 
semi circular ste e l ring, as sho~n in figure 43, was used 
as the e lastic sup port . For simp! {city, columns having a 
simple , rath e r than a distribut ed , support we re t ·e~ted . 
It may be of som e int e r e st to consider first the e l ast ic 
b ehavior of a semicircul a r ring. Designating the . r~atal 
load by P, an d the corr esponding r adial d e flection by B, 
the curves of fi gure 29 indicate tha t if the load is a p-
plied radiall y inwa rd, the v a lu e of PIB, the e lastic 
constant, decr ea s e s with incr easing de f lection. Wh~n the 
lo a d is dir e ct e d radi a lly out ard, the v a lue of plB . in -
cr ea s es i th incr ea sin g defle cti on . Obviously, then, if 
an ini t i a ll y str a i gh t column . is support e d by such an ele-
ment , or elements , it may be expecte~th~t it would have 
a ten d e nc y to bu c k le in the directi~n ~f ~~c r ea&ing PIB 
or , if due to an initial d e formation i ~ :i~e directin~ of 
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i nc r eas i ng Pia the buc k li,ng starts in that d ir e ctio n, 
then at some defl e ction a sudden Ujumplt may occur in the 
d ire c t ion of de creasing Pia . , 
Tests we r e condu c t e d on columns 0.090 inch thi ck by 
0.375 in ch, id e an d 19 inche s lon g . These column s ~e r e 
cut from 24S - RT , a lclad sheet stock. Th e st a e l ring wa s in 
a ll c a s es 8 inch e s in diamete r and 0.'008 inch thick. The 
test appar a tus a nd me tho d of t est in g a r e illustrated in 
f i gur e 43 . 
, Th e , r esults o f t he se t a sts ar~ indicat~d in figure 
30 , whe re t he r at i6 of the coluo n lo a d to the Eu l e r load 
is plott e d a s a function of t he ratio of the norma l d e -
f l e ctio n 0 at the cent e r o f the column to th e column 
l e ngth ~. 
Con s ide r in g the r esults of figu r e 30, i t i s s een t hat 
th e e l ast ic support increases the ' bU Ck li ng lo a d of the 
"strai gh t" column (upper curve) to n ear l y 3 . 5 times the 
Euler load . This loa d is reached at a rel ative l y s mall de-
flection . As the deflec t i on a increases , the decr ease 
in lo a d is at f ir st quite r ap id, then more g r adua l as the 
defle c tion becomes l a r ge r , and may appr oa c h a mi n i mum at 
l a r ge ds flec ti on m. I t wa s not possible to reach very 
l a r ge d e f~ections because o f p l asti c fai l ur e o f both t he 
r ings and the c olumns . The lower curves in the same f i g -
u re indic a te t he effact o f initi a l deflections i n wh ic h 
t he column was rolled to app r ,o x i ma tel y th e fo r m of a 
ha l f - s iQe- wa ve , t h e max i mum i n i t i al deflection b e i ng des-
i gnat ed ,by 0 0 , These cu rv es ,8.ho,,, that , ,wi th i n cre as in g 
ini tia l def l ection, the max i mu m load de cre a s es an d occur s 
at i nc r eas in g ly l a r ge r deflect,io ns . I n all c ases the load 
sust a in e d by the column tends to appr oa c h a t , lar ge def l e c-
t ions t he "minimum lo a d ll of the straight column . Th US , 
in c ase of a nQnlinear supp ort, any ini t i a l impe rf e c t ion s 
of the spe ci me n ~ ill app r e ci ab l y lowe r it,S buckling lo a d. 
To illust r ate t he contras t b e t "een the column with a non-
li ~ear e l as tic support an d one i th a linea r elast ic sup -
p or t (a ooiled sp ri ng ), a numb er of test s were conducted 
on the same typ~ of c o l ~mn . As may be s ee n f ro mihe 
c u rV es or , fi g~re 3 1 , the columns wi th an i nit i a l defl e ~­
tioh i n all c a se s appr oa ch the max i mum lo ad. of ' t he st r a i ght 
co l umn . 
Th e mo st stri king featu res of the column suppor t ed by 
a n onli n e a r el~iti c element a r e: first , a s the defls c t ion 
incr ea s e s the l'Oad· dee r \?a s cs ; secondly, the r e a re two or 
/ 
, 
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mo re poss ibl e co nfigu r ation s of e qu ilibri um for the same 
load; one corresponds to {) = 0,_ the ot h ers to {) > 0. 
Since the lon g itud ina l membe rs in a stiffened c y lin-
der wi ll behave in a ma n ne r si mil ar t o the column wi th a 
nonl i ne Rr s lastic supp or t (fig. 32), the buckling charac-
teristics of a stiffened c yl i nder must be s i milar to those 
~f t he nonlinearl y supported col umn . Therefore , any the -
or y wh i ch i s b a sed on the a ssumption of s mal l def~e c tions 
ill probab l y g iv e a mu c h higher load than that a c tually 
observed, sin c e i n a test specimen i n i ti a l imperfections 
will prevent the spe ci men from re ach in g the maxim~m load, 
~n d will cause it to fail a t some lower load depending on 
t he deg r ee o f imp e rfec t ion presen t in the specimen . Th is 
exp e c tation is verified by the c ompa ris on between the ex-
peri mentall y observed stresses a nd the predicted stresses 
a s obt a in ed fr o m the th eories developed by Taylor, Dschou , 
a n d Ryder , wh ich a re essentially based on small defle c-
tions and linear restraints, 
A theory based on l a r ge deflect i ons would be extreme -
l y d ifficul t be cause of the nonlinear load-deflection re -
l ati on ship discussed in th is section. This difficulty 
makes it desirab l e to nt t a c k the p robl em b y experimental 
methods whi c h would lead to the development of a suitable 
design paramete r. 
A • Elv DES I G' PARAHZTER 
Th e bu c k lin g phenomena o f stiffened cylinders and the 
att endi ng difficulties of a theoreti cal solution have been 
d iscuss ed i n the prev ious se c tion. It \<las hoped , ho 'eve r, 
tha t i t would be possible t o obtain a design parameter 
wh ich would dete r mine the critical value of aiE l with a 
s a tisfa ct o r y ac c u r a c y fo r design purposes ., 
Wi th this thought in mind, a numbe r of specimens in 
qh ich only the ge ooetry of the structure was varied we r e 
first tested . The r esults of these tests a re shown in 
figure 33, whe r e the unit stra i n aiE l is plotted as a 
f u n ction o f the lon gItudin a l ipa cin g b for const a nt 
values of dlb - refe rre d to as th e reinforce me nt aspect 
r at io. The curv e cor respondin g to an aspect r atio of 
1.58 was co nside r ed a s the master cu~ve and the re ma in-
ing curv e s "i re Fln expans ion of- this c u rve; hen c e they f i t 
b e st by cha nging the horizontal scale. 
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A lo g - lo g pl o t . ~ f t he expa nsion f a c tor a s a f unction 
of dl b in d i c a t~d tha t th is fa c to~ v a r i e d a p proxi ma te l y 
as Fit . I n'fa ct, plott i n g t he u nit strain CY IE ' a s a 
fu nc t i on of .jbd, a s in g l e cur ve , 'as indica t e d in fi g.-
ur e 34 , is obta i n e d . A lo g - lb g plot of t he u n i t strai n 
Fbd sho wed tha t E I / CY v a :ri e d CY/ E t as a fun c tion o f 
a ppr oxi-m a t e l y as ~ b~ . ~h i s , t he n , g ive s the i n flu e n c e 
o f the ge o me trical va r iabl e s on the gene r a l instabi li ty 
fa ilure . 
The ne x t qu e s t ion i s : I n that ma n ne r d o e s t h e r a d i u s 
R an d t he se c t i on pa~ a~et0 rs P x a nd Py e nt e r into t h e 
d es i gn pa r a me te r so u ghtl By an a lo gy - l i t h the bup k l i n g 
of u ns t i ffe n ed c y li nd e r s - i t c a n b e exp ect e d t h a t , fo r 
i d e nt i c a l v a l u e s of b , d , PX ' a nd Py the r e c i p r o c a l o f 
t h e cri t i c a l va l u e of t h e u n it s t r a i n v a r i es li near l y wit h 
R . Th i s sur mi se wa s c he c ked b y tes ti ng s pe ci me ns wi th t wo 
d i f f e r e nt r a dii ( R = 1 6 i n . an d 10 i n . ) an d was fo u nd to . 
b e corr e ct. Hen c e , i t wa s con c lud e d f ro m the s e r esu l t s 
tha t the de s i ~n pa r amete r h a s t he fo r m 
4~_ 
...; bd R 
f (p , P ) 
x y' 
F r om d i me nsiona l r ea s on i ng , i t fo ll ofS tha t the fu n c tion 
f (Px , p y ) must ha v e t he d i ~e nsi o n o f t h e 3/2 p owe r ~ f a 
l e n g t h . The s i mp l est assump t ion for t he fu nc t i on whi c h ' 
det e r mi n e s t h e i n f luen ce o f th e s e c ti on p a r am e t e rs, Px 
and Py ' i s that it d ep e n d s on the ge omet rical mea n v a lu e 
JpP on l y . It .·.'as f ou nd tha t , i n t he r ange cov e r e d ' b y 
x y 
t he expe r i me nts a nd b y t 4e use of r ea sona bl e meth ods f o r 
th e c a lcul at i on of t he eff ec ~iv e ~ idth of the shee t , .t h i s 
a ssumpt i on app e a r i just i fi e d . Thus the d e s i gn p a ra m e t e ~ 
appe a rs i n th e for m 
or 
.... 
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Ccnc e rning the ddth of sheet to b e used with the lon-
g i tudina ls Rnd frames , Hof f ( r e f e r e nce 7) an d Cox (r ~ f e r~ 
e nc e 5) ha v e pointed · ou t that the ·effective wi dth fo r sta-
bility i s not the same as that bas e d on th e load-carr y in g 
a bility of the sheet . I n fact, Cox states that the effe c-
t iv e width asso ci ate d j i th buckling phenomena is propo r-
tiona l t o the rate of incr ease o f the apparont s tre ss t o 
the r ate of increase of the a ctual st r es s, rath e r than to 
the chord value a s illust r ate d in f i gur e 3 ( r e f e r e nc e 5) . 
Assumin g that Ma r quer r e ' s effe ctive width equat ion 
3 ,-' 
2we - JCYc 
-- - --b IT
st
' 
is sufficiently accurat e fo r our purpose, then the appar- -: 
e nt st r ess ITa i s g iven by the equation 
"" her e 
IT 
a b 
O'st = ITst 3~ j~t 
1 ngitudinal stress , p ound s pe r square inch 
( == edge stress ) 
IT c .buckling stress of ·the she e t, pound s pe r square inch 
The effective wid th fo r stabili ty i s the n 
== 
dITa 
I n a ll c a l cula t io ns i nvolv ing the e ff ect i~ e width of iheet 
actin g wi th th e l ~ngitudina lsl th i s value has been used 
~ ith the ex ception of th e ca lculati ons inv o l ving Ryder's 
\ ork. s ince in his ~ ork the effective·.'idth is definitely 
specified. 
The am ount of sheet act i ng with the frames is diffi -
cult to eva~ua te by ana l ytical mean s; trial calculations 
in d icate d tha t the . best resu lts were obtained when the to~ 
t a l ·, i d tho f she e t . bet wee n f r a. m e s a sus e d . For t his rea-
son, Py · was calculated a ssumin g the ent ir e ¥ idth of 
sh e et to be effectiv·e . The var\a .t ion o·f · Ix . I y • Px, 
and Py ~s a fUnction of the e f fectiv e widt h is sh own i n 
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figures 3 8 to 41, whe r e 
e rti a and the radi u s of 
1 0 and Po is the moment of 
gyration of the member alone . 
in-
I n some c ase s a fur ther corr ect ion, 'h ich is discus sed 
in the appEndix, is to b e- app lied to the radius of gyra t ion. 
The unit strain ~/E I at failure (general in stab ilit y) , 
p lott ed a s a function of R J'2Ebd ~====== ,i s shown in J p p Py Px y x 
f i gu r e 3 5 ; this curv e is not very conv e nient for design 
purposes as the slope of the c urve be c omes too steep for 
h i gh va l ue s of o,/E I. A more desirable presentation is 
to plot ~/EI as a function of ~Py / Px Py 
R ' J bd The 
re su l ts are in d icate d i n f i gure 36. As may be se e n, the 
experimental values lie close to a straight line with the 
exception of three p oints. T wo of these points corre-
spon d t o tes ts on the channe l sec tion frame. As these 
frames failed by local i nstab ili ty of the outstanding legs 
( see fig. · 44), it may be expe cted that the resu l t s wou ld 
b e lo w fo r the c hannel does not develop the strength corre-
spond i ng to the c a lculat e d va lue o f Py. This~~n b e il-
lustrated by con si d e ri ng t he behavior of a n op e n-se c t ion 
column s ubject e d to an axia l thrust. The critical column 
stress i s g iv e n by the equa tion 
k TT2 E p2 
--=2::--'-
~ 
If the cri t ical column stress is highe r than th e loc a l in-
stabili ty stress , the column will fail at the lo-er stress. 
Th i s essent i a ll y me a ns t~at an effective va lu e of p can 
be obta i ned c or r es p onding to th i s lo ~ er s t ress, that is, 
Peff:=: /CYfa il ure 
P j CYE 
It seems r easona ble t o assu me tha t t h e frame behaves 
in a s i mil a r manner a nd tha t the effect i ve r adius of gy-
ration i s lower, du e to th e lecal instability failure. 
Th i s n ew d es i gn p a r amete r, R 
-- -~ - - - -- ---.---
4 ! j bd P P 
x y 
is the 
• 
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r atio between the r a dius and a quantity having the dimen -
sions of a l engt h def ined by ~-" ,--- Px Py j P ~ P Hence, it x y bd . 
a ppears that th i s l e ngth i s proportional, to some extent, 
to a n equivalent thickness of the reinforced cylindrica l 
structure . 
Th-e failing stress of an unstiffened c ylindrical shell 
of r a dius R is gi ven by 
0" t ( 5) = k 
E ' R 
the shell and k is an em-
Replacing the thickness 
of a strip of th e shell 
b e written in the form 
whe re t is the thi c knes s of 
pi r ically determin ed c onstant . 
t by the radius ~f gyration P 
of unit width , equation ( 5 ) c an 
0" = k jl~ 
E I R 
For purposes of co mpa rison , the failing stress of t he 
r e inforc ed c yl ind e rs inv est i gated c a n be exp ress e d as a 
function of the nef parame ter in t he form 
' 4 ~ = k l Fa jpxPy YW ( 7 ) 
E' R 
whe re k l is a num e ric a l const ant . Fi gure 36 shows that 
e quation (7) covers , ,ith a fair approximation , the cases 
i n wh ich gener a l instability occurr e d. 
By introd"ucin g th o ge om e trical mean value J Px PY' 
it c an be assumed that the in fluence of the an isq t ro py of 
the structur e i s app roxi ma t e l y t aken in t o a ccount. Then , 
by comp a ri son o,f equat ions ( 6) and (7), a n effective radi -
us of gyr ation c a n b e def ined as 
whe r e cp = 
k l 
Pe = k Jp:P;Jp Py = /p P bd x ~ x y ( 8 ) 
k l 
k 
4 ~---
J/ Px P¥ "" bd c a n be co nsi der e d as a corr e cti~n 
l 
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factor to th e r ati6 Now 
d 
Px 
is the slentle~ness 
r at i o of the long i tud i nal , ta ke q a s a column between t wo 
frames an d, s i milar l y, b is the s l e n dern e ss r atio of th e 
Py 
f r ame t ak e n a s a colu mn be t ween two lon g i tudinals. If th e 
g e om e trical mea n value of the s e t wo s l end e rn e ss ratios is 
d e f i ned by A, that' is , 
( 9 ) 
then the c orrection fa c to r c a n be exp r essed a s 
k l 1 
cp = 
k J): 
It i s ev ident that i f th e stiffened she ll we r e to be co n -
s id ered as an equ iva l en t she ll , in wh ich a ll the mate ri -
a ls a r e uniforml y distri bu ted , then the o n l y app r op ri ate 
p a r a meter to b e used i s The appropriate pa ra m-
eters wh ich enter in t o t h e proble m of b u c k li n g o f a t russ 
are the sl endernes s ratios wh ich a p pear i n the quant i ty 
A - J bd 
- P
x 
Py 
The fa ct that t he emp irically derived rela-
tion g iv en he re involves both parameters, and A , 
indicat es tha t a stiffened c y li nder c annot be t~ea te d ei-
t he r a s an equivalent c y linde r of unifo rm t h icknes s o r a s 
a c y lindrica l truss . . T h e refore, the wo r k of Dschou , 
Taylo r, and Ti moshenko t 1h ich i s based upon the conc ept of 
an eQu i va l en t uniform shell , ca nnot be expected to g ive 
corr e ctl y the gene r a l ins tabili ty st r es s of stiffened c y l-
inders . Th e error is pa~ticular ly large if the flexural 
ri g i dity is c on c e ntr ated in f r ames of lar ge cr oss - se c t ional 
a re a . 
It i s of i n tere s t to calculate the numerical Value of 
the facto r ~ , using for k l the va lue s obtain e d from 
the expe ri me nts of t ~ is r e p ort, an d for k the value 
k ~ 0 . 3 , · hi c h i s a r easonable averag e va l ue f o r unst iff-
ened she lls i n the r ange of cr/E involved . Th e valu e s of 
, 
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j ~:x b ~ Y va r y fro mO . 0 59 8 toO . 2 1 9 , ass h 0 ''Ill i n t a hI e V; 
th e average slenderness ratio A varies from 280 to 21. 
The v~lu es o~ p correspqnding to these limi t in g cases 
a r e ~ = 0 . 254 and ~ ~ b .93 2 . The lo wer li mit is ob -
ta in ed fo r a structure (specimen 34) with a 10.12-~nch 
lon g i tudinal, a l 6 - inch frame spacing, and an average 
slenderness ratio 01 280 . The upp e r .li mit refers to spec -
i men 55 wit h a 2 . 53 -i nch longitudinal , a 2 - inch frame 
spa cing , and an a v erage slende r ness ratio of 21. 
I t i s seen that for st r uctures in which the stiffen-
in g elements a re wide l y spa c ed , it is necessary that a 
mu ltipl y in g fa ct or mu ch smaller than unity b e app;ied to 
the quantity J-Px Py' In the case of close spacings the 
facto r is of the order o f 1 . 
It is realized that th i s discussion does not repre-
sent a complet e theory of the buckl i ng of reinforced cyl-
indric a l shells subjected to pu r e bending. In particu-
l a r, it c annot be expected that the use of geometri cal 
mean values wi ll . take care of the anisotropy of the struc-
ture with sufficient accl racy in all extreme cases; for 
example , if the c ylinder is stiffened i n only one direc-
- tion . I t is hoped , h01eve~, that the relation dev~loped 
in this re port 1ill cover most of the structures occur -
ring in practical design . 
: The practi c al application of the design parameter is 
rel at i ve l y'simple . Since the des i gner wi l l have the nec-
essary d ata to co mput ~ th~ numerical v~lue · of the ,parame~ 
t a r , the genera l instabi lity stress c an be immediately ob-
ta ined from the curv e of figure 3? I n view of the fa ct 
tha t general ins tability causes a complete collapse of 
the stru c ture , it is recomme~ded that allowance be made 
for ample margins, and in no case should the allowable 
stress exceed the boundary line indicated in figure 37. 
As previousl y stated, when the frames fail by local insta-
bility . the gene r al instability stress is con~iderably 
lo wer than that defined by the curve of figure 37 . Hence , 
until further data are obtained on this type of failure, _ 
the c u rv e of figure 37 should ~e used with . caution whe n 
loc a l instability of the framoo is li kely to oc cu r. 
I f a r e inforc ed c y lind er fails by panel instability. 
the bu c kling stress should in a ll c ases be lower than the 
I 
l 
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s tr ess ne c essa r y t o cause a gene r a l instabilit y f a ilure . 
This i s obv i ous s inc e , in ord e r t ha t pane l inst ab ility may 
oc cur , i t is ne c es3ary that th e fr ame b e suffi ci e ntly ri g -
id to ma int a in closely the shap e of th e st r ucture a t the 
fr ame . If the fr ame is not suffici en tl y ri g id it wi l l 
f a il be fo r 8 the pan e l i ns t a bilit y stress i s reached Rnd 
r csult in a ge n e r a l in stab ilit y type of failure . A numb e r 
of the t e st spe ci mens f a il ed by p ane l in stab ilit y . The 
un it stra i n at buckling i s s h own i n fi gu r e 37 and, as 
po int e d ou t , these va lu e s shou ld and do lie below tho 
cur ve def i n i n g gene r a l in stab i l i t y . 
Gug ge nh 0 i m Aer onautic a l Labor a tory , 
Ca lifornia I nstitute or Techn olo gy , 
Pasadena , Ca lif ., Ju l y 1940. 
APPE NDIX 
CORR3 CT I ON FOR T HE EFFE CT OF THE TO RSIONAL RIGIDITY 
OF FRAMES OJ. THE ST RENGTH OF CYL I NDER S 
Ow i ng to the pa r t icul a r metho d of at t a chin g th e stiff-
e n e r s to the f r ames , i t i s f e lt t ha t t he tors iona l ri g id-
ity of th e fram e s a ct s a s an a ddition a l r es traint i n the 
b e n di ng of the stiffene rs . Thi s ef f e c t ~ i ll b e a pp r e ci a -
b l e ' i f a fr am e such as F 6 , wh ich has a l a r ge to rsiona l 
ri g i d i ty , i s us c d . I t is t he r efore ne pcssa r y to corr e ct 
for 'this ef fe c t i ve in crea s e in rigidity . A phys ic a l rea-
son i n g i mmed i at el y l ead s to the follow i ng expression for 
the e f fe c t i v e moment of in e r t i a of t h e st i ffene r s : 
",he r e 
c 
ef f e c t i ve moment of inerti a of t h e st i ffene r, 
.. 
. 4 
l. n . 
moment of i nert i a of the stiffener with effective 
wid t h of sh e et , in . 4 
t orsiona l ri g i d i ty of t he fra me d i vided by the 
shea r modulus o f the ~aterial , in.4 
- - - .. - - --- -- -------' 
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k a nondimensional factor wh ich g ives the effective-
n e ss of the f r a~e s in supp or ting the stiffen e r s 
i n bending 
The f ollowin g ana l y sis is an a t tempt t o es ti ma te 
t h is nondime n sional fa c t or k. Consider a wave of t he 
buc k l ed she ll, as sho'tln i n fi gure a. 
r-'--- / } 
i •. -
I 'd 
I L 
J J .J. ___ _ 
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'n " 
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, 
! I }/ I 'j. .1.:-
" . 5- ~ , 1" 
.. l U II " 1 7 U ! J~ II ' . I / IcJ 00 ~ . 
'. Stiffeners 
Figure a . 
At the boundary of t he 'lave the frames are not t isted 
by the ben din g 0 f the s t i ff e n e r s . At the j 0 i n t 'J i t h the 
stiff ene r the f rames a r e rot ated a n angular amount equal 
t o t he slop e of t h e defle c tion cu r ve of th e stiffener . 
I f w is the deflection of the ~ iddl e stiffene r, then 
d \'l this ang l e is at the jo i nt -lith this sti ff ene r . As d x 
a roush est i ma te , l et the r ate ~ f rotat ion of the fr ame b e 
d~N/L whe r e 1 is the a v e r a g'e bu ck l ed ",.rave l ength of the dx 
fram e s. 
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Th e torsional ri g idity o f 
is the shear modul us, or G = 
the frame is 
E 
CG whe re 
In orde r to 
G 
s i mp lify the ca lculation, this a mount of to rsi onal rigid-
i ty i s assumed to b e d~stributed within tbe fr ame ~p~ ci ng 
d. Thus the distributed torsional 'ri g idity is (E )-
, 2 1 + IJ. d 
This distributed torsional ri gidit y multiplied by th e r a t e 
of rotation of th e frames g i ves the distributed moment 
act in g on the stiff ener due to th e torsiona l ri g idit y of 
tho f rames . The total moment at a c ertain section due t o 
this effect will be the inte gra l o f th e distri buted mo-
me nt from ono e nd of the stiffener to the s e c tion con-
c e rn e d; or 
x 
1'1 • =! torslon 
. 
E C d if 1 dx 
2(1 + . IJ.) d dx L 
o 
E C ,., 
Thus the equilibrium equation for the stiffene r is 
(3 ) 
Comparin g this e~uation wi th th e equation , for Euler column 
if ith effe ctive mom e nt of in e rtia I 
steff' 
:a 
EI d vI + Pw = 0 steff dx o2 
we h a v o 
P P 1 C 1 :a TT 
= -- - ::: 12 ET EI at 2(1 + IJ.) I at dL 
- steff 
whe re L is the ,'>Jave len gth of the bu ckle; or 
= ~ 
2 It, 
iT S e ff 
J:2 .r st 
C 1 1 
t ha tis . 
.. 
I . 
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1 1 2 C 
2(1 + ~)n 2 d~ 1st 
the r efore 
Ist e ff::: I st + r-.a 1 __ _ 1 2 J C 
L 2n (1 + ~) d L 
Compa rin g this equation with equation (1), the value of 
the int e r a ction f a ctor k can be obtai ne d as 
k ::: 
21 
Using the values of L an d L from expe rim en t a l 
d ata , it i s possibl e to es timate the value of t h i s factor 
wh ich is fou nd t o be of the order of 1 . Fo r the major i ty ' 
of the f r ames , the value o f 1st is mu c h la r ge r than C 
w i t~ the except ion of fra me F6 - He nce, the correct i on was 
onl y appli ed to the test spe ci mens i n ifhich frame F6 was 
used . 
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A.ll Longitudine.ls Sl 
I 
IFrame Sheet Long. Frame I Test No. Thick. Spacing Spaoing 
b d 
25 F5 .010 2.53 8 
26 2.53 4. 
27 2.53 2 
28 2.53 16 
29 5.06 16 
30 5.06 8 
31 5.06 4 
32 5.06 2 
34 10.12 16 
35 10.12 8 
36 10.12 4 
37 10.12 2 
38 5.06 1 
39 
-
.010 2.53 1 
~.-~ 
- - - - - '-- ~-
~ ( 
TABLE I 
Pure Bending Tests of Longitudinal - Frame CombinatiunB 
Radius l&u:. ~ ~P)CfJyt ~R Type of Failure Unit ;; ~ Strain ~j'3 
15.92 .00170 2.120 .1168 .02335 .01145 2822 Gelleral Instability 
.002.08 1. 783 .1165 .02677 .01320 2150 " n 
• 
.00288 1.500 .1165 .. 02836 .01380 1730 ft " 
.00130 2.520 .1169 .01875 .01010 3970 Stari>ed by Panel Instability 
Final failure General - Instability 
.00092 2.998 .1160 .01875 .01023 4660 Panel Instability 
.00140 2.520 .1165 .02335 .01lSO 3370 General Instability 
.00190 2.120 .1169 .02677 .01325 2550 ft " 
.00256 1. 783 .1167 .02836 .01380 2060 " 11 
.00088 3.560 .1110 .01875 .00975 5820 Started by Panel Instability 
Final Failure General Instability 
.00120 2.998 .1120 .02335 .01160 4120 General Instability 
.00164 2.520 .1122 .02677 .01280 3135 11 ft 
.00200 2.120 .1117 .02836 .01330 2540 n ft 
.00283 1. 500 .1164 002801 .01360 1755 " 
n 
.00326 11.261 .1170 .02801 .01360 1478 " II 
, 
I 
I 
I 
I 
I 
e-: 
~ 
>-3 
C» 
o g 
.... 
o 
III 
~ 
!ZI 
o 
~ 
C» 
!ZI 
o 
. 
CD 
o 
tD 
ro 
00J 
Test Frame Sheet Long. Frame .IRadiUS Nax. 
lJo. Thiok. Spacing Spacing Unit 
b d Strain 
40 F5 .015 2.53 16 15. 92 .. 00104 
41 2.53 8 .00182 
42 2.53 4 .00215 
43 2.53 2 .00280 
44 5. 06 16 .00066 
45 5.06 8 .00146 
46 5.06 4 .00167 
47 5.06 -2 .00249 
48 10.12 16 .00048 
49 10.12 8 .00128 
50 10.12 4 .00150 
51 F5 .015 10.12 2 15.92 .00250 
52 F1 .010 2.53 16 16.00 .00180 
53 2.53 8 .00216 
54 2.53 4 .003732 
TABLE I (CONTD.) 
iii ~ t'y 4r ~ "fyj 
G..520 .1175 .01723 10 00955 
2.120 .1180 .02176 .01140 
1.783 .1184 .02608 01310 
1.500 ,.1184 .02879 .01410 
2.998 .1140 .01723 .00935 
2.520 .1150 .02176 .01120 
2.120 .. 1151 .02608 .01285 
1.703 .1151 .02879 .01380 
3.560 .104 .01723 .00870 
2.998 .1049 .02176 .01050 
2.520 .1060 .02608 .01195 
2.120 .1061 .02879 .01300 
2<-520 .1168 0.1288 .0430 
2.120 .1165 0.0811 .0303 
1. 783 .1168 0. 0982 .03500 
~~ Type of Failure 
4210 Panel 'Instability 
2960 General Instability 
2168 fI " 
1693 n If 
-
5110 Panel Instability 
3580 General Instability 
2630 n fI 
2060 n n 
6520 Panel Instability 
4540 General Insto.bility 
3360 " " 
2600 " " 
938 , Panel Instability 
1120 " fI 
' 812 General Instability 
,-
-
N 
.po 
~ 
~ 
8 
ID 
o 
If 
~ 
o 
lit 
t-' 
~ 
o 
rt 
(I) 
II!! 
o 
. 
<D 
o 
CD 
Tetrb Frame Sheet Long. Fre.me RadiuB flhx. 
No. .'Thick. Speci.n£ Spaoing Unit 
b d Strain 
. 
65 F]. .010 2.53 2. 16 .004775 
56 5.06 16 .00090 
57 8 .00228 
58 4 .004350 
59 Fl 2 .006154 
60 F6 8 .00243 
61 4 .004927 
62 5 .. 06 2. 
63 2.~ 4 .004046 
64 FS 2.53 2. 16 .005100 
65 F5 2.61 4 10 • 00:51 SO 
66 2.61 2. .004200 
67 5.22 4 .002950 
'. 
68 5.22 2. .003750 
73 2.61 4 .003200 
74 F5 .010 2.61 2 10 .004400 
TABLE I (CONro.) 
~ ~ f;, I~ 
1.500 .1168 .11000 .0378 
2.998 .1150 .06330 .0250 
2.520 .1150 .08110 .0300 
2.120 .1160 .09820 .0350 
1.783 .1165 .11000 .0078 
2.520 .1270 .06340 .0251 
2.120 .1270 .06400 .0254 
1 .. 783 
.06180 
1.783 .1278 .06400 .0255 
1.500 .1278 .06180 .0247 
1.798 .1163 .02617 .0132 
1.510 .. 1168 .02836 .0138 
2.175 .1165 .02677 .0132 
1.798 .1166 .02836 .0138 
1.798 .1162 t02617 .0132 
1.510 .1164 .02836 .0138 
~ Pyf 
635 
1920 
1345 
965 
742 
1715 
1245 
1045 
905 
1362 
1095 
1650 
1300 
1365 
1095 
-- - - .---~ 
, 
Type of FaUure 
General InstabUitjr 
Banel Instability 
Panel Instability 
General Instability 
" " 
Fanel Instability 
General Instability 
~l:l8ion Failure 
General Instability 
1/ /I 
1\ fI 
" " 
" 
/I 
" 
n 
fI 
" 
ff 
" 
-
------
i 
I 
, 
~ 
C".I 
:--
t-3 
(1) 
o g-
..... 
o 
II! 
.... 
z 
o 
~ 
(I) 
~ 
(J) 
o 
ID 
t\) 
CJ1 
< 
26 
Test N-o. %: 
30 8 .• 4~ 
31 9.15 
32 9.15 
35 9.2 
36 9 .. 65 . 
37 8.04 
41 4.696 
42 6.166 
43 6.-5 
46 6.84 
46 6.:50 
47 6.23 
49 6.71.5 
~O 7.83 
-
~l 8.34 
54 15.55 
68 22.35 
59 22.0 
. 61 26.2 
63 16.85 
64 13.25 
mea Technical llo~e )Jo.908 
TABLE Il 
Calculation o~ the General ~$tability Stre •• 
by Hoff t 6 Method 
. I '·' ,. ~ . I,. ·. A 112 LoaA 
.0006615 .000037 +l1 ' 4: 2.66 
.000658 .00003624. 3,610 8 3.658 
.000864 .00003655 ' 28,820 15 4.4:6 
.000815 .0000464 218 . 5 2.3~9 
.000809 .00004625 ],.,740 6 :S.2U 
.000a23 .00004632 14,120 16 4.15 
.000662 .OOOO~91a 826 7 2.917 
~00064~ .0000370 6.910 11 3.B4 
.0006$95 .0000367 55 Q460 16 4.744 
.000795 .0000481 410 ., 2.613 
.00019 .0000476 3,299 11 3.518 
.00079 .0000418 26,:nO 16 4.419 
.000938 .0000686 198 7 2.297 
.000928 .0000578 1,.596 11 3.203 
.000934-5 .0000576 12,730 15 4.105 
.OOO5Z .000416 509 12 2.7065 
.0006245 . • 0004:85 256 *10 2.4086 
.0006245 .000485 2,045 16 3.311 
,,00062,,5 .0003835 ~24 6 Z.n1 
.OOO5Z4 .0003315 629 8 2.7986 
.000533 .000:5365 5,050 13 3.7035 
*Obt&ined from teat descriptiona. 
- I£~ A ~ ""7#.57 
2;39. .000561 0.406 
4.38 .000666 · 0.M56 
7.85 .oooa21 o.sa06 
2.8 .009496 0.415 
3.36 .001385 . 0.832 
8.S .000912 0.464 
3.8 .000219 0.115 
" 
5.8 .~65 0.2116 
8.4 .000692 0 •. 28 
3.1! .0002742 0.188 
5.74 .0004675 0.274 
8.33 .00087 0.368 
5.61 .0003432 0 .• 2662 
5.66 . • 000555 0.373 
7.78 .001162 . 0.466 
6.85 .0002955 0.19% 
4.9 .000495 0.1137 
7.6 .000848 0.1378 
3.23 .00114 0.232 
4.2 •• 000566 0.14 
6.7 .0009075 0.178 
TABL E III 
Calculations of the General Instability Stress 
by Ryder's Method 
Test No. As Ar IS" If K2. KJ K .... t~ ::/Os 
30 .0490 .0332 .0006675 .0000282 .0205 .33C .1905 .125 
31 .0474 " .000658 " .0431 .682 .198 .375 
. 
32 .0485 It .000664 n .0826 1.294 .193 .650 
35 .0646 " .000815 " .0~37 .501 .290 .415 
36 .0640 " .00080;1 " .0678 1.012 .292 .615 
37 .0658 " .000823 " .1335 1.965 .284 .. 934 
38 .0496 II .000675 " .1625 2.60 .189 .950 
45 .0604 .0352 .000795 .0000412 .0252 .284 .232 .251 
46 .0697 II .00079 " .0507 .574 .235 .469 
47 .0598 " .00079 " .1014 1.145 .235 .756 
49 .0856 n .000938 n .0427 .400 .328 
. 
.478 
60 .0831 " .000928 " .0864 .826 .338 .806 
61 .0822 " .000925 n .1735 1.670 .342 1.142 
58 .0456 .0276 0000625 .000434 .676 .589 .205 1.538 
69 .0456 " .000625 n 1.352 1.178 .205 1.934 
61 .0456 n .000625 " .534 1.937 .205 1. 538 
te o G";-CR 
.0144 5,600 
.0433 16,530 
.0750 28,600 
.0477 18,200 
.0707 27,000 
.1073 41,000 
.1092 41,700 
.0295 11,250 
.0551 21,000 
.0888 33,900 
.0563 21,500 
.0948 36,200 
.1346 61,400 
.180 68,700 
.226 86,300 
.180 68 .. 700 
(j~ 
E)(P' 
.414 
.916 
1.177 
1.595 
1.733 
2.16 
1.55 
.811 
1.326 
1.433 
1.77 
2.64 0 
2.16 
1.666 
10475 
1.47 
~ 
~ 
~ 
(D 
(') g 
..... 
(') 
III 
...... 
~ 
c+ 
CD 
!z; 
o 
. 
(J) 
o 
(D 
t\) 
~ 
TABLE IV 
ca1oulations of the General Instability stress 
By Taylor's Method • 
Test 11 12 C(J. 't~) Iltl l/t2 b No. E 
25 .0001419 .00000193 .00383 7B .. 2 274.0 417.0 
27 .0001419 .00000771 " 78.2 68.5 " 
30 .. 0000740 .OOOO019S II 156.0 214,. ° " 
32 .0000740 .00000771 " lre.D 68.5 " 
35 .0000369 .00000193 I! 512..0 274,.0 It 
37 .0000069 .00000771 It :512.0 6e.5 " 
te (] C:LC. 
.0228 124,~ 
.0228 147,000 
.0164 164,000 
.0164 185,300 
.0132, 186,000 
.0132 209,000 
k OsJlP. 
7.75 
5.40 
12.00 
7.3 
10.1 
10.5 
t\) 
ro 
~ 
~ 
>-3 (l) 
o g 
.... 
o 
III 
~ 
2: 
o 
'" (I) 
!ZI 
o 
. 
tD 
o 
CD 
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TA BLE V 
Values of the Factor 'j a nd the ~1enderness Ratio A 
f or t h e Test Speoimens 
Test No. Px P'1 1Pff '"S ;l 
25 .1168 .02335 .10779 0.457 92.50 
26 .1165 .02677 .1325 0.562 56. 8 5 
27 .1165 .02.836 .1598 0 .. 678 39 .. 03 
28 .1169 .01875 .0858 0.364 135.4 
30 .1165 .02335 .0906 0.384 121.9 
31 .1169 .02677 .11254 0.477 78.90 
32 .1167 .02836 .1345 0.570 55.28 
34 .1110 .01875 .0598 J. 254 279.2 
35 .1120 .02335 0754 :). 3 20 175.7 
36 .1122 .02677 .0926 0.393 116.7 
37 .p17 .02836 .11192 0,. 47 E 79.80 
38 .1164 .02801 .1593 0 .. 67€ 39.39 
39 .1170 .02801 1897 0. 805 27.80 
41 .1180 .02176 .10616 0.450 9~.88 
42 .1184 .02608 .1322 0.561 57.'20 
43 .1184 .02879 .1611 0. 683 38.53 
4 5 .1150 .02176 .08836 0.375 .28.2 
46 .1151 .02608 .11041 0 .. 468 81.90 
47 .1151 .02879 .1345 0.570 55.30 
49 .1049 .02176 .0737 0.313 184.4 
50 .1060 .02608 .0909 0.386 120.9 
51 .1061 .02879 . . 11084 0. 470 81.54 
54 .1168 .0982 .1833 0.777 29.74 
55 .1168 .110 .2193 0.932 20.80 
58 .1160 .0982 .1540 0.653 42.20 
59 .1165 .110 .1886 0. 800 28.17 
61 .ll6 .064 .1384 0.587 52.15 
63 .1168 .064 .1648 0. 699 36.80 
64 .1168 .0618 .1942 0.824 26.53 
66 • 1168 .02836 .1587 0.673 
. 
39. 71 
67 .1165 . 02679 . 1106 0.469 81.80 
68 .1166 .02836 .1334 0.566 56.19 
73 .1162 . 02677 . 1314 0.557 57.85 
74 .1164 . 02836 .1586 0.673 39.74 
J 
NACA Technical Note No.909 
Note: All drawings are twice actual size 
x 
S7IFPENER - Sl 
AREA = .0324 Ixx = .000374 
---.L .0796 M 
x+r-·-~--+-i -.-+-, x 
~ .366"~ T 
FRAllE - 1'5 
.AREA = .0291 Ixx _ 1.537x10-5 
FIG. 
AREA _ .02355 Ixx::: .00031194 
AREA. ,.,. .09365 Ixx =- .000274-
/ 
Fig. 1 
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tigure 44. Local instability failur e of the channel section 
frames. 
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Figure 45. Characteristic wave form of the specimens with 
channel section frames. 
Figure 46. Typical panel instability type failure. 
NACA Technical Note No.909 Figs. 47.48 
I 
t 
Figure 47. Panel instabil1ty • 
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Figure 48. Tension failure. 
